Abstract: Moisture availability is the factor that most commonly influences the discrimination against 13 C fixation (∆) by C 3 plants. Therefore, by changing the availability of moisture by way of controlling competing vegetation, ∆ in white spruce (Picea glauca (Moench) Voss) seedlings should be affected. The objective of this study was to determine the influence of manual brushing on ∆ in white spruce seedlings planted in disc-trenched and control (i.e., no site preparation) microsites. The effects of site preparation and vegetation management on soil moisture, photosynthetically active radiation (PAR), and ∆ in white spruce seedlings were evaluated over three growing seasons. Vegetation management increased the amount of PAR reaching seedlings in the control and disc-trenched treatments by removing the shading by native vegetation around each seedling. It appears that the increase in PAR reaching seedlings decreased ∆ by increasing the photosynthetic consumption of CO 2 . Differences in soil available moisture (up to 22%) between control and disc-trenched treatments were not reflected in ∆ values, contrary to our initial hypothesis. This may indicate that the site was not moisture limiting. Also, these results underline the complexity and difficulty of determining the controlling mechanisms by which ∆ is affected.
Introduction
Initial growth in planted conifers often is slight during the first season and may remain restricted for several years. This phenomenon, termed seedling check, can be a major cause of plantation failure for white spruce (Picea glauca (Moench) Voss) (Grossnickle 1988) . The most visible symptoms of seedling check are small annual height increments and short, poorly retained, off-color needles (Sutton 1995) . Evidence suggests that seedling check in white spruce is caused by water stress resulting from low soil temperatures, poor rootsoil contact (Burdett et al. 1984; Grossnickle 1988), and (or) competition by native vegetation (Sutton 1995) . Water stress in newly planted trees is reduced by rapid new root development, which reduces water flow resistance between the soil and plant (Sands 1984) . Root growth in planted trees is dependent on environmental conditions of the site and the physiological condition of the stock (Grossnickle 1988) . The physiological condition of the stock can be modified by nursery treatments, and foresters have a number of options from which to choose to modify site environmental conditions. However, the specific effects of environmental manipulation on water-use efficiency and physiological responses by white spruce are not well known.
Atmospheric carbon contains about 1.1% of the heavier isotope, 13 C, and 98.9% of the lighter isotope, 12 C. Discrimination against 13 C incorporation into C 3 plant tissue occurs primarily because of differences in diffusion rates of 13 CO 2 and 12 CO 2 in air, and fractionation by ribulose bisphosphate carboxylaseoxygenase (Rubisco) (Farquhar et al. 1982) . Theory predicts that a negative relationship should exist between water-use efficiency and carbon isotope discrimination (∆) in these plants (Farquhar et al. 1982) . Water-use efficiency and ∆ are related by independent links to the ratio of intercellular (p i ) to ambient (p a ) partial pressure of CO 2 (p i /p a ). A decrease in ∆ indicates a lowering of p i relative to p a . The reduction in p i /p a , and hence ∆, can arise through stomatal closure or through an increase in Rubisco activity. During stomatal closure diffusional fractionation increases but fractionation at carboxylation decreases to a greater degree. Similarly, with an increase in Rubisco activity, fractionation at carboxylation decreases with no change in stomatal conductance.
Researchers use 13 C discrimination to examine, indirectly, the water-use efficiency of many different species (Högberg et al. 1995; Knight et al. 1994) . Leavitt (1993) reported that ∆ patterns in the cellulose of tree rings were strongly influenced by soil moisture and drought stress, thereby making stable C isotope measurements a useful tool for assessing water-use efficiency in living trees and paleoclimatic reconstructions with ancient wood. Högberg et al. (1995) used ∆ to study the role of water in mineralization and transport of solutes to roots. Sun et al. (1996) reported a negative correlation between ∆ and both long-term water-use efficiency and productivity of white spruce seedlings and suggested a correlation with variations in photosynthetic capacity. Although moisture stress is the usual dominant factor in the accumulation of 13 C, any environmental factor which influences CO 2 diffusion into the stomata or Rubisco activity will result in variations in the amount of 13 C fixed in plant tissue (O'Leary 1981) .
The authors hypothesized that, by removing the overstory native vegetation, the increase in the availability of soil moisture will increase stomatal conductance in white spruce seedlings, thereby decreasing the accumulation of 13 C in the plant tissue. The objective of this study was to determine the influence of weed control by manual brushing on 13 C discrimination of white spruce seedlings planted in Delta disctrenched and control (i.e., no site preparation) microsites.
Materials and methods

Site description
The study site is located approximately 40 km southeast of Meadow Lake, Sask. (108°11′W, 53°44′N) . The soils are classified as Orthic Gray Luvisols of the Loon River soil association. These clay loam (with isolated pockets of sandy loam) textured soils occur on ablation moraine and to a lesser extent on rolling landscapes (Rostad and Ellis 1972) . The study area is well drained to moderately well drained and is moderately to excessively stony with little relief (1-2%). The ecological classification unit of the study area prior to harvesting was E26-d3.1/SM4:12r-20SCL, indicating a trembling aspen (Populus tremuloides Michx.) -white spruce dominated overstory with a low-bush cranberry (Viburnum edule (Michx.) Raf.) community understory growing on submesic sandy clay-loam in the Thickwood Upland landscape area of the MidBoreal ecoregion of Saskatchewan (Beckingham et al. 1996) . The harvested stand was 60-69 years in age and was approximately 20 m in height with 55-80% crown cover. The land capability rating for forestry for this area is class 4 or 5 with moderate to severe limitations due to excessive moisture and limited moisture, depending on landscape position (Canada Land Inventory 1972) .
The site was mechanically whole tree harvested and chipped in the winter of 1994-1995 and site prepared in May of 1995. All harvestable woody vegetation was removed from the site. The experimental design consisted of four treatments replicated randomly in three blocks. All treatment plots were planted at the hinge microsite with container (415B) white spruce from June 27 to July 2, 1995 by a single planter, as part of a larger study (Staples 1998) .
The treatments consisted of four levels of vegetation management: site prepared using the TTS Delta powered disc trencher (Tyotehoseura Ry, Finland) mounted on a John Deere 748E primary mover (disc-trenched), disc-trenched combined with fertilizer and manual vegetation management (disc-trenched + manual brushing), no site preparation with fertilizer and manual vegetation management (control + manual brushing), and the unfertilizedunmanaged control (control).
Manual brushing was achieved with nylon twine gas-powered brush trimmers to cut the native vegetation in the entire treatment plot to approximately 3-5 cm from the ground surface. The native vegetation within a 30-cm radius of each white spruce seedling was removed by hand. Manual brushing events were performed on August 1-3, 1995 and June 25-26, 1996 . Manually brushed treatment plots were also fertilized with the Gromax Starter Pak Forestry (wet site) fertilizer pouch (Gromax, Salinas, Calif.).
Measurement of soil moisture
One-time soil moisture measurements were taken every 2 weeks in all of the treatments throughout the 1995, 1996, and 1997 growing seasons (May through October). Soil moisture was measured using time domain reflectometry (TDR) using a Tektronix 1502B cable tester (Tektronix Inc., Beaverton, Oreg.). Six pairs of metal probes (30 cm in length) were permanently installed in each block and treatment, vertically about 5 cm apart below the LFH -mineral soil interface directly adjacent (approximately 15 cm away) to a seedling. The TDR probes were placed at the hinge microsite level of the Delta disc-trenched treatments. The TDR readings were converted to volumetric soil moisture using the equation described by Topp et al. (1980) .
Photosynthetically active radiation
Photosynthetically active radiation (PAR) was determined in the treatment plots using a portable integrating radiometer (Sunfleck Ceptometer, model sf-80, Decagon Devices, Pullman, Wash.). The portable wand-type probe (80 cm in length) was inserted horizontally into the vegetation at seedling height (approximately 20-30 cm above the soil surface) and centred over a white spruce seedling. The person holding the wand faced east consistently. Five PAR readings were taken for 10 evenly spaced seedlings within each treatment plot and averaged (T s ). Also, five PAR readings in open sunlight (T o ) were obtained prior to and following measure-ments in each of the treatment plots (to account for time of day) and averaged to calculate percent transmission (T s /T o × 100). All readings were taken between 15:00 and 16:00 on July 9, 1996, and between 13:00 and 14:00 on July 30, 1997, both of which were relatively cloud-free days. Photosynthetically active radiation was not measured in the first growing season, because the competing vegetation was not tall enough to compete for light with the white spruce seedlings.
Plant
C discrimination
Four or five needles were removed from the topmost whorls of two sample trees in the treatment plots at the end of the first, second, and third growing seasons. The needle tissue was frozen with liquid nitrogen (N 2 ) and manually crushed with a glass rod. Subsamples (1 ± 0.1 mg; mean ± SD) of the needle tissue were analyzed for 13 C composition using a TracerMass mass spectrometer interfaced to a RoboPrep sample converter (Europa Scientific, Crewe, U.K.). Values of δ 13 C were converted into ∆ as described by Farquhar et al. (1989) , assuming δ 13 C for atmospheric CO 2 was -8.0‰ on the Pee Deee Belemnite scale.
Statistical analysis
Statistical analysis of PAR, soil moisture, and ∆ data was completed using the general linear model procedure followed by the least significant difference (SAS Institute Inc. 1988) at the P < 0.05 significance level.
Results
Soil moisture
Disc-trenching significantly reduced volumetric soil moisture (0-30 cm depth) 16-25% compared with the control treatments throughout all three growing seasons (Fig. 1a) . During the first and third growing seasons, manual brushing did not influence soil moisture in either the control or the disc-trenched treatments. However, during the second growing season, manual brushing significantly reduced the soil moisture levels in the control treatments but not the disctrenched treatments.
Photosynthetically active radiation
Manual brushing increased the amount of incoming PAR reaching seedling height in the second and third growing seasons in both the control and disc-trenched treatments (Fig. 1b) . By trimming the native vegetation, over 90% of the incoming PAR reached seedling level for both the control and disc-trenched microsites. In contrast, only 53.5 and 37.3% in the second growing season and 37.4 and 25.6% in the third growing season of the incoming PAR reached seedling level in the control and disc-trenched treatment plots, respectively. There was no difference between the disctrenched + manual brushing treatment and the control + manual brushing treatments in the second growing season; however, the control + manual brushing treatment significantly increased the PAR at seedling level relative to the disc-trenched + manual brushing treatment in the third growing season (Fig. 1b) .
Tissue
13 C discrimination Manual brushing decreased ∆ in needle tissue in the disctrenched treatment in the first and third growing seasons (Fig. 1c) . The discrimination against growing season. Manual brushing with no site preparation had no effect on ∆ by the end of the first, second, and third growing seasons.
Discussion
In the absence of manual brushing, there was significantly more PAR at seedling height in the control plots than in the disc-trenched plots. The higher PAR in the control plots compared with the disc-trenched plots is a consequence of the changes in vegetation imposed by Delta disc-trenching. Disc-trenching increased the percentage of ground covered by fireweed (Epilobium angustifolium L.) and decreased the amount of grass compared with the control treatment, thereby creating a more shady overstory (Staples et al. 1999) . However, substantially increasing the amount of light reaching the seedling may have negligible effects on the height growth of white spruce seedlings. Logan (1969) reported that the stem height of white spruce seedlings grown in 45% of full light for 9 years was not significantly different from seedlings grown in 100% of full light, although root growth was significantly reduced. The height of white spruce seedlings grown in 25% of full light was approximately half that of seedlings grown in 45 and 100% of full light. The increased growth of white spruce seedlings at higher light intensities was the result of increased amounts of foliage per seedling rather than any increase in production per gram of foliage (Logan 1969) . Similarly, Brix (1972) reported no significant difference between growing white spruce seedlings at 4844 lx (450 foot-candles) and 10 764 lx (1000 footcandles). However, high light intensities did reduce dry matter production of white spruce seedlings grown at high air temperature (28°C). At low light intensities, growth was unaffected by constant temperatures between 18°C and 28°C. Also, Lieffers and Stadt (1994) reported the annual height increment of white spruce seedlings at 40% of full light to be equal to growth in 100% light conditions. By the third growing season, the PAR at seedling level in the control and Delta treatments were 37 and 26% of full intensity, respectively. Therefore, it could be hypothesized that seedling growth in the Delta treatment is limited by competition for light.
The decrease in ∆ observed when competition by native vegetation was reduced is in contrast to what was originally hypothesized. By increasing the resources available to the white spruce seedlings (nutrients, light, growing space, and especially soil moisture), it was expected that the ∆ would increase as less stress was being imposed by limiting resources (Sun et al. 1996) . However, this was not so for white spruce seedlings in the present study. The soil moisture measured throughout the first and second growing seasons was higher in the control and control + manual brushing treatments than the disc-trenched and disc-trenched + manual brushing treatments but was not reflected in ∆ values as was expected. Classically, water stress plays a dominant role in the amount of 13 C fixed in tissue. In response to reduced water availability, the stomatal aperture closes, thereby reducing transpiration. A consequence of stomatal closure is reduced intake of CO 2 . Under these circumstances, ∆ decreases as more 13 C becomes fixed into the plant tissue. The nutritional status of a plant might affect the observed 13 C discrimination. For timothy grass (Phleum pratense L.), well-nourished plants showed ∆ approximately 2‰ less than did plants deficient in nitrogen and (or) potassium when grown under a 13:7°C temperature regime, and diminished to less than 1‰ variation for a 32:26°C regime (Bender and Berge 1979) . However, in the present study there was no measured influence of manual brushing on soil fertility and no difference in ∆ between fertilized and unfertilized white spruce seedlings (Staples 1998) .
Refixation of respired CO 2 from surrounding vegetation is also a factor in 13 C fixation by white spruce seedlings. However, respired CO 2 that is refixed by the white spruce seedlings would be lower in 13 C, thereby producing a trend in higher ∆ values in the control than on the treated plots. Therefore, refixation of respired CO 2 does not explain the trend we observed in this study.
Alternatively, increased photosynthesis also results in decreased intercellular CO 2 concentrations, thereby increasing the amount of 13 C fixed in the plant tissue and, hence, decreasing ∆ (Farquhar et al. 1982) . Sun et al. (1996) reported a negative correlation between ∆ and both long-term wateruse efficiency and productivity of white spruce seedlings and suggested that increased photosynthesis by white spruce decreases ∆. Increased photosynthesis in response to increased light availability may have led to the differences in ∆ observed in this study. The ∆ patterns observed correlate with measured PAR readings, and there was a positive response in tissue biomass to manual brushing (Staples 1998) .
The influence of light intensity on ∆ was not expected to overshadow differences in soil moisture and might be due to soil moisture not being limiting. Previous research investigating the impact of light intensity on ∆ has shown small (<2‰) and sometimes random variations in ∆ with increasing light intensity, depending on species (O'Leary 1981). It may be hypothesized that the variation in white spruce response to increasing light intensity would be small (1-2‰ variation between high and low light intensity in this study) because of the shade tolerance inherent to the species.
Conclusions
Vegetation management significantly increased the amount of incoming PAR reaching planted seedlings in the control and Delta treatments by reducing shading by native vegetation around each seedling. It appears that the increase in PAR reaching seedlings decreased ∆ because of increasing photosynthesis. Differences in soil available moisture were not reflected in ∆ values as was originally hypothesized. This may indicate that the site was not moisture limiting, thereby differences in tissue 13 C fixation reflect the relatively small variations in photosynthetic draw due to increased PAR reaching the leaf tissue. White spruce seedlings appear to have responded to the increased PAR by increasing carboxylation activity which resulted in lower ∆ values.
Management of Meadow Lake, Sask., as part of the NorSask Project.
